Introduction
Heparin-induced thrombocytopenia (HIT) is an immune-mediated thrombocytopenic disorder, characterized by venous and arterial thrombi (1) . Even with early recognition and initiation of appropriate therapy, thromboembolic complications still occur (2) . The current standard of care for patients with suspected HIT involves intense anticoagulation that carries the risk of significant bleeding and only provides partial protection against recurrent thromboembolic events (3). While avoidance of heparin exposure may prevent the development of HIT (4) , there are clinical settings where heparin remains irreplaceable (5) . An improved understanding of the pathobiology of HIT may help identify targeted therapies to prevent thrombosis without subjecting patients to the risk of intense anticoagulation. These insights may also be beneficial in the treatment of other inflammatory, prothrombotic conditions, ranging from antiphospholipid syndrome (6) to sepsis (7) .
HIT is caused by the development of pathogenic antibodies (HIT antibodies) that recognize complexes of heparin and the platelet-specific human chemokine platelet factor 4 (PF4 also known as CXCL4) (8) , which is released in high concentrations at sites of platelet activation and then binds to surface glycosaminoglycans (GAGs) on platelets (9) , monocytes (10) , endothelial cells (11) , and neutrophils (12) . HIT antibodies cross-react with PF4-GAG complexes, after which their Fc termini engage FcγRIIa receptors, leading to cell activation (13) . Although the high risk of thrombosis observed in HIT has classically been attributed to the assembly of PF4-GAG complexes on platelets, these complexes also form on the surface of other cells types, including monocytes (10) and neutrophils (14) . Moreover, we recently showed that PF4 and HIT-like antibodies bind predominantly to the endothelial surface after vessel wall injury, leading to an increase in the extent of endothelial damage (11) .
Heparin-induced thrombocytopenia (HIT) is an immune-mediated thrombocytopenic disorder associated with a severe prothrombotic state. We investigated whether neutrophils and neutrophil extracellular traps (NETs) contribute to the development of thrombosis in HIT. Using an endothelialized microfluidic system and a murine passive immunization model, we show that HIT induction leads to increased neutrophil adherence to venous endothelium. In HIT mice, endothelial adherence is enhanced immediately downstream of nascent venous thrombi, after which neutrophils undergo retrograde migration via a CXCR2-dependent mechanism to accumulate into the thrombi. Using a microfluidic system, we found that PF4 binds to NETs, leading them to become compact and DNase resistant. PF4-NET complexes selectively bind HIT antibodies, which further protect them from nuclease digestion. In HIT mice, inhibition of NET formation through Padi4 gene disruption or DNase treatment limited venous thrombus size. PAD4 inactivation did affect arterial thrombi or severity of thrombocytopenia in HIT. Thus, neutrophil activation contributes to the development of venous thrombosis in HIT by enhancing neutrophil-endothelial adhesion and neutrophil clot infiltration, where incorporated PF4-NET-HIT antibody complexes lead to thrombosis propagation. Inhibition of neutrophil endothelial adhesion, prevention of neutrophil chemokine-dependent recruitment of neutrophils to thrombi, or suppression of NET release should be explored as strategies to prevent venous thrombosis in HIT.
There are multiple factors that suggest that neutrophils may contribute to the pathogenesis of HIT. Human neutrophils express FcγRIIa (15) , and neutrophil activation via this receptor promotes increased phagocytosis, degranulation, and generation of reactive oxygen species (16) . PF4 and HIT antibodies have been shown to induce integrin expression on neutrophils (14) and enhance the formation of neutrophil-platelet aggregates (17) . Myeloperoxidase (MPO) levels have also been found to be elevated in plasma obtained from patients with HIT compared with plasma from patients with other causes of thrombocytopenia (17) , suggesting that HIT is associated with neutrophil activation. In the setting of infection or inflammation, activated neutrophils can contribute to thrombus formation through neutrophil extracellular traps (NETs), release chromatin that can trap platelets, bind clotting factors, and deactivate natural anticoagulants (18) .
These findings led us to hypothesize that neutrophils activated by HIT antibodies may contribute to the prothrombotic nature of HIT. To address this question, we performed studies using a microfluidic system (11) and a passive immunization murine model of HIT (19) . In both systems, we found that exposure to HIT antibodies lead to enhanced neutrophil adhesion to the venous endothelium. Following cremaster venule laser injury in the HIT murine model, we observed that neutrophils adhered to the downstream endothelium and then followed a chemogradient that induced a retrograde migration into the growing thrombi. When activated neutrophils undergo NETosis during HIT, their released NETs were bound by PF4, leading to their physical compaction. These PF4-NET complexes bound HIT antibodies and became resistant to circulating DNases. Additional passive murine immunization HIT studies in mice that are resistant to NET formation due to a deficiency in the gene that encodes peptidyl arginine deiminase 4 (PAD4), an enzyme that induces chromatin decondensation through the citrullination of histone lysine residues (20) , confirmed that NETosis plays a role in the murine model of HIT. Corollary analysis of clinical samples obtained from patients diagnosed with HIT suggested that NET formation influences the disease in humans. The relevance of these studies to the development of the prothrombotic state in HIT and potential new targets for therapy are discussed.
Results
Enhanced neutrophil adhesion to the venular endothelium in HIT. Neutrophils are activated when exposed to PF4 and HIT antibodies (14) . To determine if this activation might effect neutrophil-endothelial cell interactions, we infused calcein-AM-labeled whole blood through microfluidic channels lined with human umbilical vein endothelial cells (HUVECs) and quantified cell adhesion over time. We observed scant leukocyte-endothelium adhesion in unstimulated channels that was unchanged by the addition of the HIT-like monoclonal antibody KKO or the isotype control TRA (data not shown). However, when the HUVECs were pretreated with TNF-α, there was a 2-fold increase in the number of adherent leukocytes in samples incubated with KKO, which induces the release of endogenous PF4 from platelets (19) , compared with samples treated with the isotype control TRA (Figure 1 , A-C, and Supplemental Video 1; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.99445DS1). We did not observe that TNF-α treatment led to an increase in KKO binding to the HUVECs (Supplemental Figure 2) , supporting that the increase in leukocyte adhesion seen in vivo was at least in part a result of leukocyte rather than endothelial activation. We then asked if these findings could be recapitulated in vivo using a murine HIT model following injection of KKO (21) . Within 30 minutes of KKO infusion, we observed increased neutrophil rolling and adhesion to uninjured cremaster muscle venules, but no neutrophil rolling or adhesion occurred in uninjured cremaster arterioles before or after the animals were exposed to KKO (Figure 1 , D and E, and Supplemental Video 2). We similarly observed an increase in neutrophil adhesion in the femoral vein 10 minutes following treatment with KKO (Figure 1 , F and G, and Supplemental Video 3).
Enhanced neutrophil involvement in venular thrombosis in HIT. We next asked whether exposure to HIT antibodies influences neutrophil incorporation into thrombi in vivo in the murine model of HIT. Cremaster vessels were injured at time 0, and adherent neutrophils and platelets were quantified at 5 minutes. The mice were then infused with KKO or TRA, and the thrombi were reexamined at 60 minutes. While there was an increase in platelet accumulation in arterioles following HIT induction, only a small number of neutrophils were incorporated into arteriolar thrombi, with a small but significant increase following treatment with KKO ( Figure 2 ). At sites of venular injury prior to HIT induction, there was platelet and fibrin accumulation ( Figure 2B and Supplemental Figure 3 , respectively), but only a small number of neutrophils adhered to these thrombi ( Figure 2, A and C) . In contrast, following HIT induction, there was a marked increase in neutrophil accumulation within venular thrombi ( Figure 2C) , with a minimal change in fibrin accumulation (Supplemental Figure 3 ) and platelet volume ( Figure 2B ). The rise in neutrophil accumulation was not observed following TRA infusion (Figure 2) .
A CXCR2-dependent retrograde migration of neutrophils into venular thrombi in HIT. To better understand the process of neutrophil accumulation in venular thrombi in HIT, we induced laser injuries in venules following KKO infusion and monitored platelet and neutrophil accumulation in these lesions over 5 minutes. While platelets quickly adhered directly to the site of venous injury, most neutrophils initially bound to the endothelium 30-40 microns downstream of the injury ( Figure 3A and Supplemental Videos 4 and 5). This finding is likely due to a combination of increased neutrophil adhesiveness induced by KKO exposure, documented in Figure 1 , in addition to activation of the endothelium downstream of cremaster laser injuries in HIT that we have previously described (11) . These neutrophils subsequently migrated in a retrograde direction into the evolving thrombus ( Figure 3A and Supplemental Videos 4 and 5) and 60 minutes following the KKO (red) or TRA (blue) was infused through HUVEC-lined channels exposed to TNF-α. Representative wide-field image of leukocytes (white) adhering to the endothelium is shown. An arrow indicating direction of flow is included. Scale bar: 100 μ. Image was obtained with an Axio Observer Z1 inverted microscope (original magnification ×10). (B) Leukocyte-endothelial adhesion was quantified for KKO (red) and TRA (blue). Six channels were studied in each TNF-α-exposed arm (lighter colors) and three to five channels were studied in the unexposed arms (darker colors). (C) The final number of adherent leukocytes at 15 minutes is shown as mean ± 1 SD. n = 6 per arm. Comparative analysis was performed by Student's t test. (D) Representative confocal image of neutrophils rolling in a venule before and after KKO infusion. Neutrophils were stained using anti-Ly-6G F(ab′) 2 fragment (green). An arrow indicating direction of flow is included. Scale bar: 20 μ. Images were obtained with an Olympus BX61WI microscope with a ×40/0.8 numeric aperture water-immersion objective lens. (E) Neutrophil adhesion to cremaster arterioles and venules was studied in the HIT murine model prior to and 30 minutes after exposure to KKO. Adhesion was defined as neutrophil immobilization for ≥30 seconds. 6 veins were studied without KKO exposure, 8 veins were studied after KKO injection, and 6 arterioles were studied after KKO injection. initial injury, a significantly higher number of neutrophils was present in venular thrombi in mice exposed to KKO compared with those infused with the isotype control TRA ( Figure 3 and Supplemental Video 6). We hypothesized that retrograde migration of adherent neutrophils into the thrombi was induced by a chemoattractant released by activated platelets in the clots. Activated platelets release several chemokines from their α granules that cause neutrophil migration by engaging neutrophil surface CXCR2 (22) . To test whether the retrograde recruitment of neutrophils to venular thrombi in HIT was chemokine dependent, we treated the mice with the CXCR2 antagonist SCH527123 (22) prior to the induction of HIT. We observed that thrombi in mice treated with SCH527123 before KKO infusion contained significantly fewer neutrophils within their thrombi ( Figure 3 ). Furthermore, these neutrophils were located at the periphery of the platelet-rich thrombi and not embedded within them.
In vitro studies of PF4-NET interactions. After observing marked HIT-induced neutrophil infiltration in venular thrombi, we hypothesized that adherent neutrophils contribute to venous thrombi in HIT, in part, through the release of NETs, as described in deep venous thrombosis (23) . Moreover, platelet activation, one of the hallmarks of HIT, can initiate NETosis in inflammatory states (24, 25) . Activated platelets release high levels of PF4, which forms high-molecular weight aggregates with various polyanions, producing antigens that are recognized by HIT antibodies (26) . We postulated that when PF4 is released in HIT, due to its cationic charge, it will bind to cell-free DNA (cfDNA) present in NETs and effect NET biology. To investigate PF4-NET interactions in real time, we studied neutrophils adherent to fibronectin-coated microfluidic channels stimulated with phorbol myristate acetate to release NETs. We confirmed that these cfDNA structures were NETs by using coimmunofluorescent staining to show that they contained citrullinated histones and MPO (Supplemental Figure 4) . The NET-lined channels were then infused at venular flow rates with buffer containing PF4 at concentrations readily attained at sites of platelets activation (5-100 μg/ml) (14) . Prior to exposure to PF4, NETs labeled with the cell membrane impermeant nucleic acid stain, SYTOX green, were round and transparent, with a cloud-like appearance Figure 1D . (B and C) Quantification of adherent neutrophils and platelets in the same thrombi. Twenty-eight injuries were made in twelve KKO-treated mice. Sixteen injuries were made in four TRA-treated mice. Twelve arteriole injuries were made in three untreated and three KKO-treated mice. Individual data points and mean ± 1 SD are shown. Comparative statistical analysis between 3 or more groups was performed by Kruskal-Wallis 1-way ANOVA and comparisons between 2 groups was performed with a Student's t test.
that we termed "fluffy." When infused with HBSS (Thermo Fisher Scientific) or human plasma, the NETs extended, and when flow was stopped they rebounded to their former shape. Following treatment with either buffer or plasma containing PF4, the NETs became opaque and narrow with a sharply tapered tail that did not change shape when flow was stopped ( Figure 4A , Supplemental Figure 4 , and Supplemental Video 7). Maximum compaction, with a 50% reduction in NET area, was achieved when the NETs were flowed with HBSS containing PF4 concentrations of ≥10 μg/ml ( Figure 4B , for PF4 ≤25 μg/ml and not shown for >25 μg/ml). Confocal imaging of the compacted NETs, labeled with an anti-PF4 antibody and a fluorophore-conjugated secondary antibody, confirmed that PF4 bound to these structures ( Figure  4A ). Total NET DNA content measured by fluorescence intensity was preserved following PF4 infusion, excluding the possibility that the compacted NET appearance was due to the dissolution of DNA ( Figure  4B ). Coimmunofluorescent studies of NETs following PF4 infusion demonstrated that compaction does not lead to displacement of citrullinated histones or MPO (Supplemental Figure 4) .
We next asked whether PF4-induced changes in NET morphology could effect NET behavior. While PF4-free NETs were highly susceptible to deoxyribonuclease (DNase) I at a concentration of 100 U/ml, with near-complete digestion in <2 minutes, PF4-bound NETs were resistant to DNase I, with near-complete protection at PF4 concentrations of ≥10 μg/ml (Figure 4 , C-E, and Supplemental Video 8). The infusion of human plasma containing PF4 was also found to confer resistance to DNase I-mediated digestion (Supplemental Figure 5) , and similar results were observed for digestion with bacterial-derived micrococcal nuclease (Supplemental Figure 6 ). Comparable nuclease resistance was also observed in a static system not coated with fibronectin, showing that fibronectin, which has a DNA-binding domain and is known to interact with NETs (27) , is not the cause of the observed changes in NET behavior (Supplemental Figure 5) .
Previous in vitro studies reported that NETs are degraded by exposure to heparin (28) , suggesting that NETs should be reduced in patients with recent heparin exposure. We found that at a therapeutic (60) . An arrow indicating direction of flow is included. Scale bar: 20 μ. Same microscope and acquisition software as described in Figure 1D. (B) Quantification of adherent neutrophils in venule thrombi 5 and 60 minutes following laser injury. Thirty-two injuries were made in twelve KKO-treated mice. Seventeen injuries were made in three TRA-treated mice. Eleven injuries were made in three KKO plus SCH527123-treated mice. Individual data points and mean ± 1 SD are shown. Comparative statistical analysis was performed by Kruskal-Wallis 1-way ANOVA. concentration of 0.4 U/ml (29) or at a supratherapeutic concentration of 5,000 U/ml, heparin did not degrade NETs in our microfluidic system (Supplemental Video 9); however, we observed that exposure to heparin reversed compaction, with restoration of fluffy morphology (Supplemental Figure 7 , A and B, and Supplemental Video 10). Confocal imaging of NETs labeled with a polyclonal anti-PF4 antibody confirmed that heparin treatment removed PF4 from the NETs (Supplemental Figure 7A) , and DNase I infusion studies confirmed that decompaction of NETs restored their susceptibility to endonuclease digestion (Supplemental Figure 7 , C and D). However, when NETs were exposed to 25 μg/ml instead of 10 μg/ml PF4, a concentration still within the range typically observed at sites of thrombosis (8), NET compaction and DNase resistance were maintained during coinfusion with therapeutic concentrations of heparin (Supplemental Figure 7, C and D) .
In vitro effects of HIT antibodies on PF4-NET complexes. PF4 has previously been shown to form complexes with DNA aptamers that are HIT antigenic targets (30) . We, therefore examined whether PF4-NET complexes are also recognized by KKO and IgG isolated from HIT patient plasma using the microfluidic chambers to assess binding and function. We found that KKO and HIT IgG suspended in HBSS did not interact with noncompacted NETs but both bound to PF4-NET complexes ( Figure 5A and Supplemental Figure 8 ). KKO dissolved in human plasma also bound specifically to PF4-NET complexes (Supplemental Figure 8) . Antibody binding did not induce greater NET compaction, but it enhanced resistance to DNase I digestion ( Figure 5B and Supplemental Video 11). This effect was found to be specific to HIT antibodies, as incubation with a polyclonal anti-PF4 antibody at 25 μg/ml did not provide similar protection from endonucleases ( Figure 5, C and D) . Similar results were seen using NETs immobilized to fibronectin-coated 96-well plates ( Figure 5E ) (31). Thrombosis in the HIT murine model in the presence or absence of PAD4. We then asked whether enhanced NET endonuclease resistance and the formation of PF4-NET-HIT antibody complexes, observed in vitro, contribute to in vivo thrombus development in the murine model of HIT. We hypothesized that the release of NETs by thrombus-adherent neutrophils and their subsequent modification by PF4 and HIT antibodies may play a role in the prothrombotic state that develops in these animals. To better understand the way in which NETosis may contribute to thrombosis in HIT, we studied Padi4 -/-HIT mice that are incapable of releasing NETs (Supplemental Figure 1) . Previous studies have shown that Padi4-knockout mice do not release NETs and are protected from venous thrombosis (23) . Following KKO injection, the severity of thrombocytopenia in Padi4 -/-HIT mice was comparable to that seen in Padi4 +/+ HIT controls. (Figure 6A ) The size of arteriolar thrombi following laser injury was unaffected by PAD4 deficiency (Figure 6B ), and neutrophil incorporation into venule thrombi following TRA injection was similar in Padi4 -/-and Padi4 +/+ HIT mice. However, after KKO injection, the Padi4 Representative confocal images of activated neutrophils adherent to fibronectin-coated channels and stained for cfDNA (white) and KKO binding (red) in the absence and presence of 6.5 μg/ml PF4. An arrow indicating direction of flow is included. Scale bar: 100 μ. Same microscope and acquisition software as described in Figure 1A. (B) Representative wide-field images of adherent neutrophils, as in A, but in the presence of 100 U/ml DNase1 and 6.5 μg/ml PF4 with or without 25 μg/ml KKO over 2 minutes. An arrow indicating direction of flow is included. Scale bar: 100 μ. (C) Representative graph showing the decrease in NET area over a 3-minute DNase I digestion. (D) Mean ± 1 SD of the final area of NETs following a 5-minute infusion of DNase I (100 U/ml) in the presence of 6.5 μg/ml PF4 and KKO or an anti-PF4 antibody (αPF4), each at 25 μg/ml. n = 12 in the PF4-and the PF4 and KKO-treated arms. n = 3 in the αPF4-treated arm. Comparative statistical analysis was performed by Kruskal-Wallis 1-way ANOVA. (E) PF4-induced resistance to DNase digestion under static conditions was measured using a previously described NET degradation assay (31) . The graph shows the mean percent original fluorescent intensity ± 1 SD. n = 9-10 per arm. Comparative statistical analysis between 3 or more groups was performed by Kruskal-Wallis 1-way ANOVA, and comparisons between 2 groups was performed with the Student's t test.
Clinical indication of NETosis in HIT.
It has been reported that circulating MPO levels are elevated in HIT (17) , potentially implicating neutrophils and NETosis in the pathobiology of HIT. We confirmed this clinical finding comparing cfDNA and MPO-DNA complex levels in samples from patients at high or at low likelihood of having HIT (32), healthy controls, and patients with immune thrombocytopenia (ITP). cfDNA ( Figure 7A ) and MPO-DNA complex levels ( Figure 7B ) were significantly higher in individuals diagnosed with HIT compared with those in healthy controls and patients with an alternative cause of ITP. Although there was a trend toward higher MPO-DNA complex levels in HIT patients compared with ill patients evaluated for HIT, but found to have a low probability of having the disease, this finding did not reach statistical significance (P = 0.1), demonstrating that cfDNA release and NETosis occur in multiple proinflammatory/prothrombotic states that commonly occur in hospitalized patients.
Discussion
Over the past several years, it has become increasingly clear that the pathophysiology of HIT extends beyond platelet activation. It has previously been shown that HIT antibody interaction with other cells types, including the endothelium (11) and monocytes (10), leads to cell activation and a prothrombotic state. Others have also demonstrated that HIT antibodies activate PF4-exposed neutrophils through Figure 1D .
their FcγRIIa receptors, leading to increased expression of Mac-1 on the cell surface and enhanced neutrophil aggregate formation (14) . In this paper, we explore specific pathways by which neutrophils may contribute to thrombosis in HIT and propose that they do so through multiple steps, including the stimulation of neutrophil adhesion to inflamed endothelium, the promotion of neutrophil migration into venular thrombi, and the formation of antigenic PF4-NET-HIT antibody complexes.
The basis for enhanced binding of HIT-activated neutrophils to the endothelium in large vessels and the microcirculation requires further exploration. Prior studies have shown that HIT antibody exposure increases neutrophil surface expression of Mac-1 (14) . Endothelial cells are also activated by PF4 and HIT antibodies, increasing surface expression of P and E selectins (33) . Our finding of enhanced in vitro neutrophil binding parallels the increased adhesion seen in vivo in the setting of our murine model of HIT, with or without endothelial cell injury. We speculate that neutrophil adhesion immediately downstream of growing venular injury may be due to increased turbulent flow around larger thrombi that is known to enhance neutrophil adhesion to the endothelial lining (34) . It may also be due to the release of PF4 from activated platelets within the thrombus that results in increased assembly of antigenic complexes on the downstream endothelium, leading to more HIT antibody binding and endothelial activation (11) . The role of each of these mechanisms in the accumulation of neutrophils in injured venules requires additional investigation to identify opportunities for intervention.
After adhering to the endothelium downstream of thrombosis, many neutrophils migrate in a retrograde manner and are incorporated into the venular clots. Retrograde migration may occur in response to a chemotactic gradient emanating from degranulating platelets. A similar process, termed "directed intravascular migration," has been described in ischemia/reperfusion injuries, in which degranulating platelets release CXCL7 (neutrophil-activating peptide 2 [NAP2]) and CXCL5 (epithelial-derived neutrophil-activating peptide 78 [ENA-78]), leading to CXCR2-dependent neutrophil recruitment (35) . The retrograde migration we observed in venular HIT thrombi is also similar to "neutrophil swarming," a process in which large numbers of neutrophils rapidly accumulate at sites of infection or sterile injury where they release NETs (36) . In support of this hypothesis, we show that the retrograde migration of neutrophils into venous thrombi can be abrogated with the blockade of CXCR2. Whether NAP2 and/ or ENA-78, both released from platelets and bound by CXCR2 (37), contribute to the chemogradient remains to be determined. Further investigation needs to be done to ascertain if this pattern of adhesion occurs in other prothrombotic disorders associated with venous thrombosis. Many groups have proposed that NET release links neutrophil accumulation to thrombus progression (23, 38, 39) . We posit that NETs released in HIT are uniquely prothrombotic because the binding of PF4 and HIT antibodies causes them to become immunogenic. Previous studies have shown that nucleic acid binding leads to the exposure of the same antigenic epitopes present on PF4/heparin complexes (30) . Mice injected with PF4/nucleic acid complexes develop antibodies that cross-reacted with PF4/ heparin complexes (30) . Our microfluidic channel experiments support that PF4 forms complexes with chromatin DNA in the same way as PF4 binds heparin to form macroaggregates (40) . Our studies showing that HIT IgG isolated from human plasma binds to these PF4-NET complexes confirm that they contain HIT antigenic epitopes.
In addition to producing HIT antigenic complexes, we have observed that PF4 binding leads to chromatin compaction that causes NETs to become DNase resistant. It has previously been shown that NET binding to the cationic peptide LL-37 leads to enhanced protection from nuclease digestion (41), in a manner similar to what we have observed with PF4. While DNase-resistant NETs may have increased antimicrobial activity, impaired NET degradation has been implicated in the pathogenesis of autoimmune diseases, including antiphospholipid antibody syndrome and lupus (42, 43) . In these disorders, DNase resistance is thought to occur due to the development of anti-NET immunoglobulins that interfere with DNase binding to cfDNA (31) . In HIT, PF4 forms complexes with NETs that are bound by HIT antibodies that provide additional protection from DNases. These stable, compacted PF4-NET-HIT IgG aggregates then serve as a Fc-rich surface that can recruit and activate circulating hematopoietic cells via their FcγRIIa receptors and activate the complement cascade (15) .
To test this hypothesis, we generated Padi4 -/-HIT mice that do not undergo NETosis (20, 23, 44) . In these animals, venular thrombi generated after HIT induction are markedly smaller than those observed in animals capable of NET release, with fewer incorporated neutrophils and decreased platelet volumes. This suggests that NETs contribute to the early stages of venule thrombus growth, enhancing both platelet accumulation and neutrophil recruitment. This effect was not observed in laser injury-induced arteriole thrombi, which have little neutrophil infiltration irrespective of PAD4 activity. Moreover, the loss of PAD4 activity -and likely NET formation -did not affect the severity of thrombocytopenia in HIT mice, suggesting that the development of venular thrombi is unrelated to the mechanism underlying the development of thrombocytopenia.
We next treated HIT mice with DNase I prior to cremaster laser injury to determine if NETs functionally contribute to thrombus formation in our model and found that this led to a significant decrease in cremaster venule thrombus platelet volumes. This finding further supports our hypothesis that NETs play a role in thrombus growth and stabilization in this model. However, unlike in the Padi4 -/-HIT mice, the number of thrombus-adherent neutrophils did not fall in accordance with the decrease in platelet volumes. This difference may occur because Padi4 -/-mice do not release NETs, whereas PF4-compacted NETs are incompletely degraded by DNase and may still expose PF4-NET-HIT IgG aggregates that can recruit circulating neutrophils. Nonetheless, the decrease in venular thrombus size raises the possibility that DNase treatment may be effective in preventing the venular prothrombotic state in HIT.
In summary, we demonstrate that neutrophils contribute to the prothrombotic state in HIT through enhanced adhesion to the endothelium downstream of venous thrombi and subsequent retrograde migration into these thrombi. There, activated neutrophils release NETs that form complexes with PF4 that are subsequently bound by HIT antibodies. These PF4-NET-HIT antibody complexes are protected from DNases and may contribute to thrombus development by exposing an Fc-rich surface. Thus, our studies extend the range of PF4-bound HIT antigenic polyanionic targets beyond heparin, GAGs, and polyphosphates. HIT mice that have neutrophils unable to undergo NETosis have smaller venous thrombi but still develop enhanced arterial clots and thrombocytopenia. Further work is required to understand whether neutrophils contribute similarly to the development of venous thrombi in other immune/inflammatory prothrombotic states, such as antiphospholipid antibody syndrome and sepsis. More investigation is needed to determine if blocking these pathways will help prevent venous thromboembolic complications in patients with HIT or these other prothrombotic disorders.
Methods
Mice and human samples. HIT mice were transgenic for both platelet-specific hPF4 (hPF4 + ) and human FcγRIIa (FcγRIIa + ) (21) . All HIT mice were also on a Cxcl4 -/-background (45), as murine PF4 is not recognized by HIT antibodies (46) . Genetic alterations were confirmed by PCR analyses (47) . We used the CRISPR/Cas9 genome editing system (48) to disrupt Padi4 exon2 in HIT mice (Padi4 -/-HIT mice, Supplemental Figure 1A ). Guide RNAs flanking the targeted exon were designed to minimize off-target interactions (49) (5′-CCTAAGGGCTACACAACCTT-3′ and 5′-GCTGGCTGCTTTCACCTGTAC-3′) and injected into harvested embryos at concentrations of 50 ng/μl along with Cas9 mRNA 100 ng/μl at the Children's Hospital of Philadelphia (CHOP). Oligonucleotide primers designed to amplify the 0.2-kb region of the gene-encasing exon 2 (5′-CATCTGTTCTGCTGCTGGCTG-3′ and 5′-CTCCTAAGG-GCTACACAACCTTC-3′) were used to confirm the presence of the desired gene disruption. Functional abrogation of PAD4 activity was confirmed by stimulating neutrophils isolated from the bone marrow of Padi4 -/-mice and plated on poly-L-lysine-coated slides (MilliporeSigma) with 100 nM phorbol-12 myristate 13-acetate (MilliporeSigma) overnight at 37°C and then staining the cells with SYTOX green (1 μM) and anti-citrullinated histone H3 antibody (anti-citH3, Ab5103, MilliporeSigma) at a dilution of 1:500 to visualize NET release (Supplemental Figure 1C) . Both Padi4 +/+ HIT and Padi4 -/-HIT mice were studied at 10-30 weeks of age. Only male mice were used in the cremaster vessel injury experiments; however, in previous studies, we have not appreciated any sex differences in thrombosis in the passive immunization HIT murine model following photochemical carotid artery injury (10) .
Deidentified plasma samples were obtained from patients with suspected HIT (50) . All subjects were evaluated with a polyspecific PF4/heparin ELISA (Immucor) (19) and a serotonin-release assay (51, 52) and classified as having or not having HIT by a panel of 3 independent expert adjudicators who based their decision on laboratory results and clinical findings. Control plasma was obtained from healthy individuals and patients diagnosed with ITP (53). Citrated plasma was stored at -80°C, and MPO-DNA complex levels and cfDNA levels were also measured as previously described (54) . IgG was isolated from plasma from HIT patients and healthy donors using protein G agarose (Pierce) (8) .
NET-lined microfluidic channel studies. Experiments were performed using a BioFlux 200 Controller (Fluxion) as described previously (55) . The BioFlux channels were visualized with an Axio Observer Z1 inverted microscope (Zeiss) equipped with a motorized stage and an HXP-120 C metal halide illumination source. The microscope and image acquisition were controlled by BioFlux Montage software with a MetaMorph-based platform (Molecular Devices). Isolated human neutrophils (2 × 10 6 cells/ml) were incubated with 1 ng/ml TNF-α (Gibco) at room temperature for 10 minutes and then flowed through channels coated with 50 μg/ml fibronectin (MilliporeSigma), to which they adhered, and then incubated with 100 ng/ml phorbol myristate acetate overnight at 37°C. cfDNA release was visualized with 1 μM SYTOX green or orange, and the channels were infused with recombinant PF4 (0-200 μg/ml), expressed, and purified as we described previously (56) , with or without unfractionated porcine heparin (0.4 U/ml, BD Biosciences) at 2-5 dynes/cm 2 . To confirm that the cfDNA structures adherent to the microfluidic channel walls were NETs, we performed coimmunolocalization in which channels with or without PF4 (25 μg/ml) were incubated with either anti-citH3 at 4°C overnight or anti-MPO at 37°C for 1 hour and then incubated with an Alexa Fluor 594-conjugated secondary antibody for 1 hour at 37°C prior to imaging with a Zeiss LSM 710 laser-scanning confocal microscope. Structures with colocalization of cfDNA and MPO or citrullinated histones were deemed to be NETs. PF4-NET complexes were then incubated with 25 μg/ml KKO, a HIT-like monoclonal antibody (19) , or a polyclonal anti-PF4 antibody (Abcam, Ab9561) for 1 hour at 37°C. NET digestion studies were carried out by infusing the channels with 100 U/ml DNase I (MilliporeSigma), at 2 dynes/cm 2 , after which the channels were washed with PBS (Gibco) and fixed with 2% paraformaldehyde (BD Biosciences). To avoid laser-induced changes to the conformation of DNA (57), we minimized laser exposure during our experiments. To account for this effect when studying whether KKO binding to PF4-NET complexes increased resistance to DNase, we compared NET digestion by analyzing videos in which channels with and without KKO were included in the same visual field and exposed to UV light for the same amount of time. Channels were blocked with PBS with 2% BSA (MilliporeSigma), and PF4-NET complexes were visualized by incubating SYTOX-labeled NETs with a rabbit anti-human PF4 antibody at 37°C for 1 hour, rinsing the channels with PBS flowed at 5 dynes/cm 2 for 5 minutes, and then incubating with a goat anti-rabbit secondary antibody (Abcam, Ab150080) at 37°C for 1 hour. KKO was labeled with Alexa Fluor 647 (Thermo Fisher Scientific) prior to NET channel infusion. NET complexes were imaged with a Zeiss LSM 710 laser-scanning confocal microscope. Similar studies were done using 100 U/ml bacterial-derived micrococcal nuclease (New England Biolabs). Data were analyzed using ImageJ (NIH) open-souce image processing software (58) .
Endothelialized channel microfluidic studies. HUVECs (Lonza) at passage 3-4 (5 × 10 6 cells) were seeded onto fibronectin-coated (50 μg/ml, MilliporeSigma) channels of 48-well BioFlux plates (Fluxion), allowed to adhere, and then cultured at 37°C under 5% CO 2 in endothelial cell growth media (Lonza) for 2-3 days to become confluent. HUVECs were incubated with TNF-α (1-10 ng/ml) to simulate inflammation. Whole blood samples obtained from healthy human donors were fluorescently labeled with 2 mM calcein AM to visualize leukocytes and platelets and then incubated with KKO or TRA, an isoimmune monoclonal control (25 μg/ml), for 15 minutes. The samples were then recalcified with CaCl 2 (11 mM final concentration) and flowed through the channels at 5 dynes/cm 2 . When using ImageJ to count endothelial-adherent cells, size exclusion thresholds were used to distinguish platelets from leukocytes. To assess KKO binding to TNF-α-stimulated endothelium, the HUVEC-lined channels were infused with PBS containing PF4 (10 μg/ml) and KKO (25 μg/ml) conjugated with Alexa Fluor 488 (Invitrogen) at 5 dynes/cm 2 . Following the infusion, the channels were washed with PBS and fixed with 2% paraformaldehyde (BD Biosciences). KKO binding was quantified based on fluorescent measurements obtained from a Zeiss LSM 710 laser-scanning confocal microscope. Levels of KKO-endothelial binding were compared with those observed after the whole blood samples containing PF4 and KKO were infused through HUVEC channels that had been subjected to hematoporphyrin (50 μg/ml, MilliporeSigma) photochemical injury, as our group has previously described (11) .
Femoral vein neutrophil-rolling studies. HIT mice were anesthetized with Nembutal and a skin flap extending from the ankle to thigh was removed to expose the femoral vein. SYTOX orange (2 nM) and F(ab′) 2 fragments (0.2 mg/g mouse) directed against Ly6-G and CD41 were infused as 100-μl boluses via a catheter placed into the jugular vein to detect cfDNA, neutrophils, and platelets, respectively. Confocal microscopy was used as described previously (59) to obtain videos of neutrophil rolling and adhesion in the femoral vein at baseline and 10 minutes after 1 μg/g KKO was infused via the jugular catheter. Data were collected and confocal time-lapsed images were analyzed using Slidebook 6.0 (Intelligent Imaging Innovations) to compare neutrophil behavior before and after KKO exposure.
Supplemental Methods. Please see the Supplemental Methods for a list of antibodies and other labeled probes as well as details regarding the isolation of human neutrophils, bioassay for NET digestion, glassslide NET compaction and digestion studies, and a description of cremaster laser arteriole and venule injury studies in the setting of the passive immunization murine model of HIT.
Statistics. Differences between 2 groups were compared using a 2-tailed Student's t test with Welsh's correction or a Mann-Whitney U test. Normal distribution was tested using the D'Agostino and Pearson normality test. Differences between >2 groups were determined by 1-or 2-way ANOVA (as appropriate), and a Kruskal-Wallis test was performed when data was not normally distributed. Multiplicity-corrected P values are reported for multiple comparisons. Statistical analyses were performed using Microsoft Excel 2011 and GraphPad Prism 7.0 (GraphPad Software). Differences were considered statistically significant when P values were ≤ 0.05.
Study approval. Animal procedures were approved by the Institutional Animal Care and Use Committee at CHOP in accordance with NIH guidelines and the Animal Welfare Act. Anonymized human blood was collected after signed, informed consent was provided by healthy donors, and approval for studies using human blood was obtained from CHOP's Human Review Board in accordance with Declaration of Helsinki Principles.
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